Fire exposure describes the spatial juxtaposition of values with fire behaviour in terms of likelihood and intensity. Wildfire exposure analysis is based on the estimation of the potential wildfire intensity and on the burn probability. Fire modelling can produce spatially explicit information on fire spread and behaviour, and offers a feasible method to simulate, map, and analyse fire exposure. FlamMap Minimum Travel Time (MTT) algorithm (Finney, 2006 ) was used to conduct wildfire simulations considering historical data of fuel moisture conditions and winds, as well as the most frequent wind directions and historical ignition locations (2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017)(2018). Analysis was conducted on spatial and quantitative variations in selected fire hazard and exposure factors, namely Burn Probability (BP), Conditional Flame Length (CFL) and Fire Size (F). We observed pronounced spatial variations among and between municipalities in the factors, especially for those in the northern and southern parts of Ardabil. The variations across the burnable area of the municipalities can be fundamentally related to a number of factors, including spatial variation in ignition locations, fuel moisture and load, weather conditions, and topography of the terrain. The findings can provide information and support in wildfire management planning and fire risk mitigation activities.
INTRODUCTION
Available methods to estimate the potential fire impacts can be divided into two categories: risk-based and hazard-based. Both types of methods estimate the potential consequences of possible events. Risk-based methods also analyse the likelihood of scenarios occurring, whereas hazard-based methods do not (Hurley and Bukowski, 2008) . Wildfire risk is the likelihood of a fire occurring, the associated fire behaviour, and the impacts of the fire. Risk mitigation is achieved when any of the three parameters (likelihood, behaviour and/or impacts) are reduced (Calkin et al., 2011; Scott et al., 2013) .
A spatial wildfire risk assessment can provide information to support decision-making, for example, to optimize the allocation of wildfire prevention and fire-fighting resources and to reduce fire effects or impacts on valued resources (Taber et al., 2013; Ahmed et al., 2018) . Wildfire exposure analysis is one component in risk assessment, and describes the spatial juxtaposition of values with fire behaviour in terms of fire likelihood and intensity, but does not explicitly describe the impact of wildfire events (Ager et al., 2014; Barnett et al., 2016) . Quantitative, spatial wildfire risk and exposure assessment methods are increasingly being applied, to improve fire management programs (Chuvieco et al., 2012; Salis et al., 2013 Salis et al., , 2015 Alcasena et al., 2015 Alcasena et al., , 2017 Palaiologou et al., 2018) . This paper presents a fire exposure assessment at landscape scales in Ardabil, NW Iran that may serve as a proxy for wildfire risk. Fire simulation modelling using the minimum travel time (MTT) fire spread algorithm of Finney (2002) are implemented in FlamMap 5 (Finney, 2006) to explore spatial patterns of wildfire exposure factors considering historical conditions of winds, and ignition locations.
MATERIAL AND METHODS

General Description of the Study Area
We considered Ardabil as our study area (Figure 1 ), in the northwestern of Iran. The population of Ardabil is approximately 1,270,000. The climate of the area is considered severe during winters, and mild to warm and dry summers for only three months. The annual average precipitation of the area is 230 mm, and rainfall events are limited in the summer period (33 mm from June to September). The annual mean temperature is 7.5 °C, while from June to September is 18 °C (Figure 2 ). Monthly average value of maximum temperatures in January, and June and July during 2005-2018 were recorded -30°C and +35°C, respectively. The area is characterized by semi-steppe rangelands, pastures and dry-land agricultures and on the southwest it is also covered with forestland.
During the study period (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) (2018) , from June to September, Ardabil experienced ~100 fires and 650 ha of burned area per year. Approximately 80% of fires burned less than 10 ha, accounting for only 17% of the overall burned area. Less than 1% of the total number of fires had the area burned more than 100 ha. The year with the largest burned areas (2010) was associated with dry weather condition, severe heat waves, strong winds and considerable accumulation of fine dead fuel. Almost all ignitions are related to anthropogenic factors, and were mostly concentrated from June to September.
Data Requirements
In order to conduct the fire simulations for the study area, data on historical wildfires, weather parameters and spatial data such as topography and fuels are needed. Historical fire occurrence database (ignition dates, municipality of ignition, coordinates, and final fire size) included observations from 2005 to 2018 (from the Ardabil Natural Resources Department and FRWO, Iran, 2018). Figure 1 . The spatial extent of the study area, showing the province boundaries, weather stations, and elevation (a), Fuel models (Anderson, 1982; Scott and Burgan, 2005 ) (b), and Ignition probability grid (IP), generated from the historical fires for the period 2005-2018.
An ignition probability grid (IP) was built from historical ignition locations using inverse distance weighting (ArcMap Spatial Analyst) with a search distance of 5000 m, considering all fire ignition coordinates for the study period ( Fig. 1c ).
Weather data for the fire modelling were derived from Bile Savar and Khalkhal weather stations located respectively in the north, and south of Ardabil (Figure 1a ).
Topography data grids (elevation, slope, and aspect) were obtained from the 30-m resolution digital terrain model ( Figure  1a ). Surface fuels (Anderson 1982; Scott and Burgan, 2005) ( Figure 1b ) and the canopy cover characteristics (canopy height, canopy cover, canopy base height, and canopy bulk density) were assigned based on the 1:25000-scale land use land cover map of 2016. For the fuel model assignment to the different land cover, we considered the vegetation characteristics such as species composition, cover, thickness, and shrubs and herbaceous fuels heights. Topography, surface fuel, and canopy metric raster grids were processed with ArcFuels 10 as required by FlamMap (Finney, 2006) , in a 100-m resolution landscape file (LCP). 
Fuel Area by Municipality
Variation existed in the burnable area with different fuel models (Anderson, 1982; Scott and Burgan, 2005 ) among the municipalities due to different proportions of burnable fuels (Table 1) . Non-burnable fuels resulted in burn probabilities of zero in the simulations. In particular, large areas of the Khalkhal, Kowsar, Meshgin Shahr, Nir and Ardabil with grasslands are considered burnable in a wildfire context. Table 1 . Area in burnable and non-burnable fuel models by municipality.
Wildfire Simulation
According to fire modelling approach, multiple datasets and geospatial inputs are gathered, then separated simulations for the most frequent weather conditions of the wildfire season were conducted, to obtain different sets of outputs at modelling resolution in the study area. FlamMap fire model uses the minimum travel time fire spread algorithm (Finney, 2002) , which is optimized for processing large numbers of fires. In this study, 10,000 wildfire events were simulated to replicate recent fire events in the area and generate detailed maps of burn probability (BP), conditional flame length (CFL), and fire size (FS). The BP for a given pixel is an estimate of the likelihood that a pixel will burn given a random ignition within the study area and burn conditions similar to the historical fires (Ager et al., 2012) . The BP is defined as (1): BP = F/n (1) where F is the number of times a pixel burns and n is the number of simulated fires (10000).
The fireline intensity (FI -kW/m) for a given fuel type and moisture condition can be calculated from the fire spread rate normal to the front (Byram 1959; Catchpole et al. 1982) , and then it is converted to flame length (FL -m) based on Byram's (1959) equation (2):
Conditional flame length is the probability weighted flame length given a fire occurs and is a measure of wildfire hazard (Ager et al., 2010) , while it is calculated by incorporating the flame length distribution generated from multiple fires burning each pixel in equation (3):
where Fi is the flame length midpoint of the ith category.
Text files containing the size (FS, ha) and ignition coordinates were used to analyze spatial variation in the size of simulated fires.
Six weather scenarios were defined by wind speed, azimuth, and frequency derived from historical observation during fire season (June-September) in the study area (40°, 70°, 100°, 130°, 160° and 190°). Fire ignitions were distributed within the modelling domain according to IP, and then every fire was independently modelled considering the weather scenario.
During fire simulation, weather conditions were held constant, and fire suppression efforts were not considered due to the lack of the information. Although suppression activities have a very limited influence on wildfire growth during peak fire events (Alcasena et al., , 2016 .
The wildfire scenarios were created with a fire period of 5 hours, which is the common average duration, and 0.01 spot probability. Output analysis, as well as input data assembling are facilitated by other advanced models and tools as ArcFuel 10 , implemented for ArcGIS 10.4.1. Spatial variation in BP, CFL and FS were analysed among municipalities of the study area with no-uniform landscape topography, weather condition and land cover to determine the relative wildfire exposure.
RESULTS
Wildfire hazard and exposure
We obtained burn probability (BP), conditional flame length (CFL), and fire size (FS), from fire modelling. BP is a pixellevel wildfire likelihood estimate obtained from the proportion of fires that burned each pixel given a fire occurs under weather conditions within the modelling domain. BP varied both among and within municipalities (Table 2, Figure 3 ). BPs were arbitrarily categorized for tabular and display purposes in four classes. The highest BP values were observed for Kowsar and Bile Savar (10 percent in burn probability class 4). In contrast, BP for the Khalkhal, and to a lesser extent, Sareyin, Germi, Nir and Ardabil exhibited the lowest burn probabilities. On both a percentage and absolute basis, BPs for the Khalkhal were concentrated in BP classes 1 and 2. The non-burnable fuels present in the study area, mostly related to densely developed areas, as well as agricultural irrigation lands and water bodies were barriers to fire spread and reduced the burn probability in the central and eastern regions such as the city centre of Ardabil.
Wildfire hazard was defined as the average flame length of all simulated fires that burned a given pixel. Hazard was calculated as the probability weighted flame length among the flame length intervals output from the model (Calkin et al., 2010) . The outputs were then placed into categories corresponding with the response function flame length categories of Low (L= 0-0.6 m), Moderate (M= 0.6-1.8 m), High (H= 1.8-3.6 m), and Very High (VH= >3.6 m) (adapted from Andrews et al., 2011) (Table 2) . 
CONCLUSIONS
The MTT fire spread algorithm coupled with advanced geospatial tools can be useful for quantifying exposure profiles and identifying landscapes able to support large and severe fires. Fire likelihood and intensity maps, as well as fire exposure
The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-4/W18, 2019 GeoSpatial Conference 2019 -Joint Conferences of SMPR and GI Research, 12-14 October 2019, Karaj, Iran profiles are substantial to landscape managers and policy makers for prevention, mitigation and monitoring strategies. The modelling approach presented in this study has many applications for fire risk assessment and management in the fireprone landscapes in Iran, where most fire ignitions are linked to anthropic activities and few long-distance-spreading large wildfires cause most of the damage. Although the method should be carefully evaluated and modified accordingly (if needed) prior to adopting in other areas.
Analyses of wildfire exposure were conducted at municipality level and results were developed for the 10 municipalities included in Ardabil. The work allows discriminating areas that should be targeted for mitigation and prevention planning. BP and FS values across all municipalities (Figure 3a-c) can suggest different prevention and management strategies, as for instance planning fuel treatments on burnable areas characterized by highest fire intensity values.
Variation in CFL among simulated fires is caused by a number of factors, including wind speed, fuel moisture, and the direction of fire arrival relative to the maximum spread direction. Bile Savar, and Germi, Namin, Ardabli and Sareyn were almost entirely in the L and M hazard categories (CFL<1.8m) reflecting relatively moderate weather and fuel moisture conditions. In contrast, Parsabad, Ardabil and Meshgin Shahr presented the highest percentage of burnable area in the H hazard category (with very small area). CFL spatial variation was completely affected by the spatial distributions of the historic ignition point densities.
